Genetic Differentiation of Western Corn Rootworm Populations
(Coleoptera: Chrysomelidae) Relative to Insecticide Resistance by Chen, Hong et al.
University of Nebraska - Lincoln
DigitalCommons@University of Nebraska - Lincoln
Faculty Publications: Department of Entomology Entomology, Department of
3-2012
Genetic Differentiation of Western Corn
Rootworm Populations (Coleoptera:
Chrysomelidae) Relative to Insecticide Resistance
Hong Chen
University of Nebraska-Lincoln, entomail@gmail.com
Haichuan Wang
University of Nebraska-Lincoln
Blair D. Siegfried
University of Nebraska-Lincoln, bsiegfried1@ufl.edu
Follow this and additional works at: http://digitalcommons.unl.edu/entomologyfacpub
Part of the Agriculture Commons, Agronomy and Crop Sciences Commons, and the
Entomology Commons
This Article is brought to you for free and open access by the Entomology, Department of at DigitalCommons@University of Nebraska - Lincoln. It has
been accepted for inclusion in Faculty Publications: Department of Entomology by an authorized administrator of DigitalCommons@University of
Nebraska - Lincoln.
Chen, Hong; Wang, Haichuan; and Siegfried, Blair D., "Genetic Differentiation of Western Corn Rootworm Populations (Coleoptera:
Chrysomelidae) Relative to Insecticide Resistance" (2012). Faculty Publications: Department of Entomology. 527.
http://digitalcommons.unl.edu/entomologyfacpub/527
 
 
Published in Annals of the Entomological Society of America 105:2 (2012), pp. 232–240; 
doi: 10.1603/AN11124 
Copyright © 2012 Entomological Society of America; published by Oxford University 
Press. Used by permission. 
Submitted July 13, 2011; accepted December 8, 2011. 
 
 
Genetic Differentiation of 
Western Corn Rootworm Populations 
(Coleoptera: Chrysomelidae) 
Relative to Insecticide Resistance 
 
 
Hong Chen, Haichuan Wang, and Blair D. Siegfried 
 
Department of Entomology, University of Nebraska–Lincoln, Lincoln, Nebraska 
 
Corresponding author – Blair D. Siegfried, email bsiegfried1@unl.edu 
 
Abstract 
As the single most important pest of field corn, Zea mays L., throughout most of the Corn Belt, the 
western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae), has un-
dergone repeated selection for resistance to a variety of insecticides that persist widely among Ne-
braska populations. In this study, we used 11 microsatellite markers to genotype two populations 
with high levels of resistance to methyl-parathion and aldrin (Polk and Stromsburg), two popula-
tions with low and intermediate levels of resistance (Mead and Clay Center) from Nebraska, and one 
population from outside the Corn Belt (Safford, Arizona). The genetic diversity measured by ob-
served heterozygosity (Ho) was reduced 15–32% in the highly resistant populations compared with 
the more susceptible populations in Nebraska. Significant genetic differentiation was detected be-
tween the resistant and susceptible populations (Polk and Stromsburg versus Mead and Clay Center) 
in Nebraska (FST = 0.016) and between all the populations from Nebraska and Arizona (FST = 0.059). 
The average observed heterozygosities in the populations were positively correlated with insecticide 
susceptibility based on mortality at diagnostic concentrations of aldrin and methyl-parathion, re-
spectively. These results indicate that the insecticide selection from exposure to aldrin and methyl-
parathion may be a contributing factor in shaping the genetic structure of western corn rootworm 
populations in Nebraska. Factors including isolation by distance and a Wolbachia-induced breeding 
barrier may have contributed to differentiation of rootworm populations from Nebraska and Arizona. 
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The western corn rootworm, Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysome-
lidae), is arguably the single most important pest of field corn, Zea mays L., throughout 
most of the Corn Belt both in terms of crop losses and the use of synthetic insecticides. D. 
v. virgifera has been suggested to have originated from Central America, where it is be-
lieved to have used corn as a larval host for ≈5,000 yr based on the range of native corn 
with resistance to rootworms (Melhus et al. 1954, Krysan and Smith 1987). Before 1930, the 
insect’s distribution was limited to the adjacent areas of Colorado, Kansas, and Nebraska, 
where it became a pest of continuous corn production. Root injury was reported in south-
western Nebraska in 1929 and 1930 (Tate and Bare 1946). From 1930 to 1955, the rootworm 
expanded eastward at an average of 20 km/yr and by the mid-1940s, severe damage to corn 
was found in central Nebraska. Over the past 50 yr, the rate of eastward expansion in-
creased to an average of 40 km/yr, and the current distribution of D. v. virgifera extends to 
the East Coast (Meinke et al. 2009). The first established population of western corn root-
worm in Europe was detected near Belgrade, Serbia, in 1992 which has expanded to in-
clude parts of 11 countries, extending from Austria to the Ukraine and from Southern 
Poland to Northern Bulgaria (Ciosi et al. 2008a,b). 
Cyclodiene insecticides were widely used as soil insecticides for rootworm manage-
ment throughout the 1950s and early 1960s. By 1959, almost 1,000 metric tons of aldrin had 
been applied as a soil insecticide in Nebraska alone (Ball 1983). Failures to control root-
worms with these compounds were first noted in Nebraska in 1959 (Roselle et al. 1959), 
and further evaluations revealed the magnitude and rapid development of resistance (Ro-
selle et al. 1960, 1961). Differences in susceptibility as high as 1,000-fold were detected 
among field populations in Nebraska and provided the first direct evidence for the evolu-
tion of resistance (Ball and Weekman 1962, 1963). The development of cyclodiene re-
sistance coincided with the rapid eastward range expansion of this pest. All tested 
populations east of the Missouri River in the United States have been and continue to be 
highly resistant to cyclodiene insecticides (Siegfried and Mullin 1989; Parimi et al. 2006; 
B.D.S., unpublished data). Furthermore, a recent investigation of cyclodiene susceptibility 
among invasive European populations has revealed that among nine field populations ex-
amined, all were highly resistant to aldrin (Ciosi et al. 2008a). 
An alternative strategy for chemical control of western corn rootworm involves aerial 
application of insecticides (carbamates and organophosphates) that mainly targets adult 
females to reduce oviposition and economic damage by the subsequent generation (Pruess 
et al. 1974). This practice became widely adopted in certain areas of the western Corn Belt 
(Meinke et al. 1998), and in some areas of Nebraska, aerially applied Penncap-M (methyl-
parathion) was used almost exclusively (Meinke et al. 1997) over relatively large areas and 
in consecutive years. Control failures of aerially applied methyl-parathion were first re-
ported in the early 1990s, and resistance was documented in rootworm adults from several 
Nebraska populations (Meinke et al. 1998, Zhou et al. 2002, Parimi et al. 2006). The distri-
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bution of resistant rootworms was initially restricted to areas of the state where adult man-
agement had been practiced for >10 yr, whereas in areas relying on soil insecticides and 
crop rotation, the beetles remained susceptible. 
High levels of resistance to these insecticides have persisted among rootworm popula-
tions in Nebraska, although selective pressures have changed dramatically as a result of 
changing management strategies. Cyclodiene insecticides were banned from use in the 
United States in 1972 because of their extreme persistence and widespread environmental 
contamination. Adult management with microencapsulated methyl-parathion was largely 
replaced by crop rotation and soil insecticides in the mid-1990s (Parimi et al. 2006) and 
more recently transgenic Bacillus thuringiensis (Bt) maize for rootworm control has become 
widely adopted (Gray et al. 2009). The traits of resistance to both aldrin and methyl-parathion 
remain relatively stable although considerable variation in susceptibility among popula-
tions over relatively short distances (<50 km) has been detected in Nebraska (Ball and 
Weekman 1963; Meinke et al. 1998; Parimi et al. 2006; B.D.S., unpublished data). The well-
documented history of the development and spread of resistance to the two different in-
secticide classes in this species may provide important information related to the move-
ment of resistance conferring genes as well as population genetic structure. 
Population genetic structure plays a central role in the evolution of insecticide resistance 
(McKenzie 1996, Hartl and Clark 2007) and has become an essential component of re-
sistance management strategies for transgenic Bt crops. Various genetic markers have been 
developed and used to study genetic diversity, phylogeny, and population genetics of the 
western corn rootworm (Krysan et al. 1989, Simon et al. 1994, Szalanski and Powers 1996, 
Szalanski et al. 2000, Clark et al. 2001a, Eben and Espinosa de los Monteros 2004, Gillespie 
et al. 2004, Kim and Sappington 2005b, Miller et al. 2007, Kim et al. 2007, Kim et al. 2008a, 
Coates et al. 2009). Low levels of genetic differentiation among rootworm populations have 
been reported for populations from west Texas to the northeastern United States (Szalanski 
et al. 1999, Kim and Sappington 2005a, Miller et al. 2006). However, Kim and Sappington 
(2005a) found that populations from Dodge City, Kansas, and Champaign, Illinois, were 
somewhat isolated from the others. In a later study on genetic variation associated with 
crop-rotation tolerance, Miller et al. (2006) used both microsatellite and amplified fragment-
length polymorphism markers and detected low but significant genetic differentiation be-
tween the rotation tolerant populations from Illinois and wild-type populations from Iowa. 
Multiple invasive events across the Atlantic Ocean and into Europe by the rootworm also 
have been inferred from microsatellite markers (Miller et al. 2005, Ciosi et al. 2008b) where 
at least three direct introductions from North America into Europe and two intra-European 
introductions were identified. 
Western corn rootworm populations throughout the Corn Belt are infected with a Rick-
ettsia-like bacterium in the genus of Wolbachia (Degrugillier et al. 1991, Giordano et al. 1997, 
Clark et al. 2001b). These intracellular bacteria are grouped together phylogenetically (Di-
vision A; Giordano et al. 1997, Clark et al. 2001b, Segura-Leon 2004) and induce unidirec-
tional cytoplasmic incompatibility between infected males and uninfected females 
(Giordano et al. 1997). It has been suggested that Wolbachia-induced cytoplasmic incom-
patibility may have the potential to drive beneficial genes within pest populations (Sinkins 
and O’Neill 2000). 
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In this study, we used 11 microsatellite markers to reveal genetic differentiation of root-
worm populations that exhibit significant variation in resistance to aldrin and methyl-
parathion. We hypothesize that variable selection pressures, as inferred from insecticide 
resistance status, shape the genetic structure of rootworm populations. We report esti-
mates of genetic diversity and differentiation between populations with varying levels of 
insecticide susceptibility that are separated by different geographic distances. In addition, 
the Wolbachia infection status for each population was assessed to evaluate its possible role 
in genetic differentiation. 
 
Materials and Methods 
 
Sample Collection 
Adult western corn rootworms were collected from corn plants at four sites in southeastern 
Nebraska and one site in southeastern Arizona (Fig. 1). Population samples (Polk and 
Stromsburg) from York County were selected to represent major corn production regions 
in Nebraska where cyclodiene and organophosphate insecticides have been used exten-
sively and where resistant populations are well documented (Ball and Weekman 1963, 
Meinke et al. 1998). Susceptible populations (Clay Center and Mead) were previously iden-
tified from University of Nebraska research and extension farms, based on survival at di-
agnostic level insecticide bioassays for both aldrin and methyl-parathion (B.D.S., 
unpublished data). The population from Safford, Arizona, represents a population that is 
separated from the major U.S. corn-growing areas and is in proximity to the proposed an-
cestral origin of the species in Central America (Krysan and Smith 1987). 
 
 
 
Figure 1. Sampling sites of western corn rootworm beetles in Nebraska and Arizona.  
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DNA was extracted individually from fresh beetles or freshly frozen beetles stored at –
80°C, by sodium dodecyl sulfate extraction methods (Chen at al. 2010). For insecticide bi-
oassays, field-collected beetles were maintained on fresh sweet corn ears under ambient 
conditions of light and humidity for 2–3 d before bioassays. 
 
Microsatellite Genotyping 
For each population, 50 beetles were individually genotyped at 11 microsatellite loci, in-
cluding DVV-D2, DVV-D4, DVV-D5, DVV-D8, DVV-D9, DVV-D10, DVV-D11, DVV-T2, 
DVV-T3, Dba05, and Dba07 (Kim and Sappington 2005b, Waits and Stolz 2008, Kim et al. 
2008b), and genotyping was conducted using a CEQ 8000 Genetic Analysis System (Beck-
man Coulter, Fullerton, California). Master mixes from Thermo Fisher Scientific (1.1X, Ep-
som, Surrey, UK) or Phusion (Finnzymes OY, Keilaranta, Espoo, Finland) were used for 
polymerase chain reaction (PCR) amplifications of the microsatellites. For each locus, up 
to three PCR reactions were attempted, and if still unsuccessful, the locus was recorded as 
unknown. 
 
Microsatellite Data Analyses 
Raw data from the CEQ were checked for accuracy with the program MICRO-CHECKER 
(Oosterhout et al. 2004). Microsatellite polymorphism (number of alleles and heterozy-
gosity per locus), inbreeding coefficients (Fis), Hardy–Weinberg equilibrium (HWE) and 
linkage disequilibrium were calculated or tested using GENEPOP (Raymond and Rousset 
1995). Conformance with HWE was tested for each locus and population, and the Bonfer-
roni correction was applied for multiple comparisons. The Fis statistics and probability test 
were used to determine whether distortion from HWE resulted from deficient or excessive 
heterozygosity. Because the probability test is robust to low allele frequencies, rare alleles 
were not pooled. Variation in heterozygosity among populations was tested for signifi-
cance using analysis of variance (ANOVA) with population, individual, locus, interactions 
of loci, and individuals as factors (Weir 1990). All factors except locus were treated as ran-
dom effects. Likelihood and probability tests were performed to detect genotypic linkage 
disequilibrium for pairs of loci in each population (Raymond and Rousset 1995). 
To identify genetic structure among the populations, F-statistics (FST) of overall, pair-
wise, and between-population groups (Nebraska versus Arizona, Polk and Stromsburg 
[high resistance frequencies] versus Clay Center and Mead [low resistance frequencies]) 
and isolation-by-distance effects were estimated and tested using FSTAT (Goudet 1995) or 
GENEPOP (Raymond and Rousset 1995). The standard deviations of FST were obtained for 
each locus by a jackknife procedure over all the alleles, and these deviations were used to 
test for statistical significance. Genetic differentiation between population groups was an-
alyzed by ANOVA. The isolation-by-distance model was tested by linear regression of 
pairwise FST/(1 – FST) values against the natural logarithm of straight-line geographic dis-
tance between pairs of sampling sites (Rousset 1997). Statistical significance of the regres-
sion was tested using the Mantel test with 2000 permutations. The pairwise geographic 
distance ranged from 19 to 1,490 km. A dendrogram with bootstrap confidence values was 
created based on the pairwise genetic distances using the unweighted pair group method 
with arithmetic average in TFPGA (Miller 1997). 
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Insecticide Bioassays 
The bioassays with diagnostic concentrations of aldrin (Ciosi et al. 2008a) and methyl-
parathion (Zhou et al. 2002), based on lethal concentration (LC)99 for a susceptible labora-
tory strain, were conducted in 20-ml insecticide-coated glass scintillation vials (VWR, West 
Chester, Pennsylvania), with 10 beetles per vial. Bioassays were replicated 10 times for 
each population. Significance of Pearson correlation between population mortalities and 
observed heterozygosities was tested for the two chemicals by using MINITAB 15 (Minitab, 
Inc. 2007; www.minitab. com). 
 
Wolbachia Diagnosis and Strain Identification 
DNA from individual rootworm adults was screened for infection using the 99 F and 994R 
16S rRNA primers to amplify an ≈800-bp band specific to Wolbachia (O’Neill et al. 1992, 
Giordano et al. 1997, Clark et al. 2001b). All diagnostic reactions had both a positive control 
using DNA from beetles of a Wolbachia-infected nondiapause laboratory colony (Giordano 
et al. 1997) and a negative control with molecular-grade water instead of DNA. Because 
the 99 F/994R primers tended to give a high rate of false negatives in PCR reactions for the 
DNA samples from Nebraska, especially those at concentrations lower than 100 ng/μl, two 
additional sets of Wolbachia-specific primers, ftsZf1/ftsZr1 (≈1,050 bp; Werren 1997) and 
wsp81F/wsp691R (≈600 bp; Jeyaprakash and Hoy 2000), were used, respectively, to verify 
the negatives diagnosed by primers 99 F/994R. 
To identify the Wolbachia strain infecting beetle populations from Nebraska, the PCR 
amplicons (ftsZf1/ftsZr1, ≈960 bp and wsp81 F/wsp691R, ≈600 bp) from single-beetle DNA 
samples were sequenced in both directions by using a GenomeLab DTCS kit and a CEQ 
8000 DNA Analyzer (Beckman Coulter). The ftsZ and wsp PCR products were purified 
from 0.5% agarose gel with an Illustra GFX PCR DNA and Gel Band Purification kit (GE 
Healthcare, Little Chalfont, United Kingdom). For each population from Nebraska, two to 
three individual DNA samples were randomly selected and sequenced. Sequences ob-
tained in this study and previous publications (Giordano et al. 1997, Clark et al. 2001b, 
Segura-Leon 2004, Roehrdanz and Levine 2007) were aligned and compared using the BioEdit 
7 software (Hall 1999). 
 
Results 
 
Genetic Diversity, HWE, and Linkage Disequilibrium 
Population genetic diversity, as measured by the number of alleles and expected hetero-
zygosity, indicates that the DVV-D8 locus was the most polymorphic marker, whereas loci 
DVV-D9 and DVV-T3 were the least polymorphic (Table 1). The average number of alleles 
over the 11 markers ranged from 4.7 to 6.7 per locus and did not vary significantly among 
the populations (F = 1.02, df = 4, P > 0.05). Among the five populations, the expected heter-
ozygosity (He) over the 11 loci ranged from 0.590 to 0.685 per locus. The observed hetero-
zygosity (Ho) varied significantly among the populations (0.501 ≤ Ho ≤ 0.736, F = 4.09, df = 
4, P < 0.01; Tukey’s pairwise comparison, Safford, Clay Center, Mead > Polk and Stroms-
burg. The overall analysis, including the 11 loci from five populations, indicated that the 
genotypic frequencies did not conform to HWE (P < 0.0001) due to heterozygote deficits at
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Table 1. Number of alleles (n), observed and expected heterozygosities (Ho and He), and inbreeding coefficients (Fis) of 11 microsatellite markers in five populations of western corn 
rootworm from Nebraska and Arizona 
Lo-
cus 
Polk, NE  Stromsburg, NE  Mead, NE  Clay Center, NE  Stafford, AZ 
n Ho He Fis  n Ho He Fis  n Ho He Fis  n Ho He Fis  n Ho He Fis 
DVV-
D2 
6 0.778 0.732 –0.051  6 0.767 0.716 –0.061  8 0.826 0.775 –0.056  7 0.800 0.756 –0.047  10 0.853 0.716 –0.177 
DVV-
D4 
6 0.477 0.728 0.354†  6 0.512 0.715 0.295†  7 0.837 0.763 –0.086  7 0.781 0.742 –0.039  9 0.900 0.822 –0.078* 
DVV-
D5 
3 0.362 0.371 0.035*  3 0.208 0.281 0.269  3 0.286 0.317 0.108†  3 0.340 0.340 0.010  3 0.477 0.549 0.141† 
DVV-
D8 
10 0.643 0.804 0.212**  13 0.632 0.801 0.224**  14 0.800 0.888 0.110  14 0.933 0.877 –0.053†  14 0.913 0.875 –0.033 
DVV-
D9 
2 0.417 0.486 0.153  2 0.271 0.291 0.081  7 0.531 0.483 –0.088  3 0.600 0.494 –0.205  3 0.351 0.374 0.074 
DVV-
D10 
4 0.551 0.627 0.132  4 0.469 0.586 0.209  7 0.780 0.790 0.001**  7 0.763 0.771 0.023  9 0.788 0.871 0.110** 
DVV-
D11 
6 0.638 0.700 0.098  6 0.708 0.737 0.050  7 0.735 0.744 0.022  7 0.740 0.745 0.016  7 0.769 0.613 –0.243 
DVV-
T2 
3 0.422 0.603 0.310**  3 0.313 0.547 0.437†  4 0.659 0.646 –0.008*  4 0.707 0.563 –0.245  5 0.829 0.760 –0.075 
DVV-
T3 
2 0.468 0.449 –0.032  2 0.408 0.425 0.050  3 0.612 0.507 –0.199  2 0.560 0.471 –0.179  4 0.700 0.584 –0.187 
Dba0
5 
4 0.513 0.721 0.301**  4 0.500 0.735 0.331**  4 0.585 0.727 0.207  4 0.675 0.739 0.099  5 0.714 0.658 –0.071 
Dba0
7 
3 0.750 0.662 –0.120  3 0.725 0.662 –0.082  4 0.773 0.692 –0.105  3 0.744 0.663 –0.111  5 0.800 0.718 –0.099 
Avg. 4.5 0.547 0.626 0.137†  4.7 0.501 0.590 0.162†  6.2 0.675 0.666 –0.004  5.5 0.695 0.652 –0.056*  6.7 0.736 0.685 –0.059* 
* P < 0.05, ** P < 0.01, † P < 0.001 
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six loci (DVV-D4, DVV-D5, DVV-D8, DVV-D10, DVV-T2, and Dba05; P < 0.05) and in four 
populations (Polk, Stromsburg, Clay Center, and Safford; P < 0.05). The likelihood and 
probability tests revealed that 12 and 16 of 275 (five populations × 55 pairs among the 11 
loci) possible pairs (4.4–5.8%) exhibited a low level of linkage disequilibrium among the 11 
loci that were scored. 
 
Population Genetic Structure and Isolation by Distance 
Low, but significant, genetic differentiation was detected between Nebraska and Arizona 
populations (FST = 0.059, P < 0.01) and between the resistant (Polk and Stromsburg) versus 
susceptible (Mead and Clay Center) populations within Nebraska (FST = 0.016, P < 0.01) 
(Tables 2 and 3). No significant genetic differentiation was detected between populations 
within the resistant and susceptible groupings (Polk versus Stromsburg, FST = –0.0055, P > 
0.05; Mead versus Clay Center, FST = 0.002, P > 0.05). Although isolation by distance was 
significant among all five populations (R2 = 71.2%, P < 0.001), the model did not hold for 
the four Nebraska populations (R2 = 0.0%, P > 0.05) (Fig. 2), indicating little distance effect 
on their genetic structure within the state. With high bootstrap values (>50%), Polk and 
Stromsburg, Mead, and Clay Center were grouped, respectively, among the four Nebraska 
populations, whereas the population from Safford, Arizona, was clearly more distantly 
related to the Nebraska populations than the latter were to each other. (Fig. 3). 
 
Table 2. FST estimates of western corn rootworm populations from Nebraska and Arizona 
Locus Among all 5 pop 
Among 4 
Nebraska pop 
Between Nebraska 
and Arizona 
Between Polk-
Stromsburg and 
Mead–Clay Center 
DVV-D2 –0.002* –0.005 0.006** 0.000 
DVV-D4 0.027*** –0.005 0.090*** 0.000 
DVV-D5 0.026*** 0.003* 0.063** 0.003 
DVV-D8 0.019*** 0.022*** 0.007 0.039*** 
DVV-D9 0.036* 0.038*** 0.015 0.003*** 
DVV-D10 0.068*** 0.041*** 0.106*** 0.064*** 
DVV-D11 0.019*** 0.012*** 0.027*** 0.024*** 
DVV-T2 0.043*** 0.016** 0.087*** 0.026*** 
DVV-T3 0.047*** 0.001 0.121*** 0.008 
Dba05 0.040*** –0.012 0.120*** –0.005 
Dba07 0.001** –0.006 0.017*** –0.003 
Overall 0.029** 0.010** 0.059** 0.016** 
* P < 0.05, ** P < 0.01, *** P < 0.001 
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Table 3. Pairwise FST estimates between five western corn rootworm populations 
 Polk Stromsburg Clay Center Mead 
Stromsburg 0.0020    
Clay Center 0.0106** 0.0140**   
Mead 0.0139** 0.0216** 0.0055  
Safford 0.0721** 0.0820** 0.0522* 0.0440* 
* P < 0.05, ** P < 0.01 
 
 
 
 
 
Figure 2. Linear regression of FST/(1 – FST) on distance (Ln km). The circles refer to coordi-
nates within Nebraska, and the black dots represent comparisons between Nebraska and 
Arizona. 
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Figure 3. A dendrogram by the unweighted pair-group method with arithmetic average, 
showing genetic divergence among the populations. The numbers at the nodes indicate 
the bootstrap percentages >50%. 
 
Correlations between Observed Heterozygosities and Mortalities by Insecticides 
For both aldrin and methyl-parathion, mortality determined by diagnostic bioassays (Table 
4) was significantly and positively correlated with the average observed heterozygosities 
(Table 1) in the populations (for aldrin, r = 0.863, P < 0.001; for methyl-parathion, r = 0.840, 
P < 0.001), respectively. Such a significant correlation between observed heterozygosity of 
a single locus and mortality also existed at DVV-D4, DVV-D8, DVV-D10, and DVV-T2 for 
aldrin and at DVV-D2, DVV-T2, DVV-T3, Dba05, and Dba07 for methyl-parathion across 
the populations (r = 0.887–0.966, P < 0.05). 
 
Table 4. Mortalities (%) of western corn rootworm adults to 
diagnostic concentrations aldrin and methyl parathion in the 
western corn rootworm populations (mean ± SE; n = 10) 
Pop Aldrin Methyl-parathion 
Polk 10.9 ± 4.2 36.0 ± 6.8 
Stromsburg 8.2 ± 4.0 20.0 ± 6.2 
Clay Center 72.2 ± 5.3 57.1 ± 4.0 
Mead 81.1 ± 2.3 60.0 ± 5.7 
Safford 62.5 ± 5.3 100.0 ± 0.0 
 
Wolbachia Infection 
Wolbachia was not detected in the population from Safford, Arizona, but it was present in 
all individuals of the four Nebraska populations. Identical FtsZ and wsp sequences (Table 
5) were found in all sequenced individual beetles, indicating a single strain of Wolbachia 
infecting the Nebraska populations and a lack of cytoplasmic incompatibility within and 
between Nebraska populations. Compared with Wolbachia sequences previously identified 
from D. v. virgifera adults and deposited in GenBank (Table 5), only 3-bp differences for 
FtsZ (≈960 bp) and only 1-bp difference in the (≈600 bp) wsp fragments were observed. 
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Table 5. Polymorphic sites in ftsZ and wsp sequences of Wolbachia in western corn rootworms 
GenBank 
ID Collection site 
ftsZ sequence positiona  
wsp 
sequence 
positiona 
Reference 544 545 865  347 
AF011270 Moriarty, NM; 
Blacksburg VA; 
Urbana, IL 
T G G   Giordano et al. (1997) 
AF011271        
U83108        
AY007552 Not specified G A G   Clark et al. (2001) 
AY136551 Gresham, NE G A A   Roehrdanz and Levine (2007) 
NA Stromsburg, NE T G G   Segura-Leon (2004) 
NA Polk, Stromsburg, 
Mead, Clay 
Center, NE 
G A G   Sequenced in this study 
AY138260 Brookings, SD     G Roehrdanz and Levine (2007) 
AY138261 Gresham, NE     A Roehrdanz and Levine (2007) 
DQ091306 
to 
DQ091309 
Urbana, IL; Clovis, 
NM; Freeville, NY; 
Texas Co., OK 
    G NAb 
NA Polk, Stromsburg, 
Mead, Clay 
Center, NE 
    G Sequenced in this study 
a. Referenced to the positions in AY136551 of ftsZ and in the wsp sequenced in this study. 
b. NA, not available. 
 
Discussion 
 
Analysis of microsatellite markers from western corn rootworms revealed significant ge-
netic differentiation between populations with high levels of resistance (Polk and Stroms-
burg) relative to susceptible populations (Saunders and Clay), with a moderate loss of 
genetic diversity in the more resistant populations (15–32% lower Ho in Polk and Stroms-
burg; Table 1). A significant correlation between the observed heterozygosities and insec-
ticide susceptibility, based on diagnostic bioassays, suggests that selection for insecticide 
resistance has shaped the genetic structure of western corn rootworm populations in Ne-
braska. However, it was not possible to determine the relative influence of organophos-
phate versus cyclodiene resistance because the Polk and Stromberg populations were 
highly resistant to both insecticide classes. The reduction of genetic diversity in the more 
resistant populations seemed to be genome-wide, but with various intensities at different 
loci. The lowest and highest losses of genetic diversity were 14.2% at DVV-D4 and Dba-07 
and 42.9% at DVV-D10, respectively, as measured by the average number of alleles; and 
2.8% at Dba-07 and 46.2% at DVV-T2 as revealed by the observed heterozygosities. 
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The positive correlations between observed heterozygosity and insecticide susceptibil-
ity may be attributable to a bottleneck experienced during selection for resistance during 
the time when the insecticides were driving local populations to low numbers. Such a bot-
tleneck would affect genetic diversity across neutral loci, resulting in the observed patterns 
of correlation. The estimated gene flow between the York County populations (Polk or 
Stromsburg) and the two more susceptible populations (Clay Center or Mead) ranged be-
tween 1.5 and 2.0 individual per generation, limited enough to prevent restoration of di-
versity in York County after cessation of selection from cyclodiene insecticides or perhaps 
more likely, the later aerial applications of organophosphates that maintained low popu-
lations and therefore, genetic bottlenecks. An alternative explanation for the positive cor-
relations between observed heterozygosities and insecticide susceptibility is a hitchhiking 
effect associated with the insecticide selections whereby microsatellite allele frequencies 
change due to selection operating upon linked genes that confer insecticide resistance. 
However, given that the pattern was observed across several loci, such an explanation 
seems unlikely. 
Overall, the 11 microsatellite loci in the resistant populations lost 15–32% genetic diver-
sity compared with the susceptible populations in Nebraska. A reexamination of recent 
studies of D. v. virgifera population genetics that used microsatellite markers (Kim and 
Sappington 2005a, Miller et al. 2006, Ciosi et al. 2008b) indicates that genetic diversity is 
also reduced in populations from the Corn Belt and Europe relative to populations derived 
from the southwestern United States and Mexico. The latter may be more representative 
of the purported area of origin (Melhus et al. 1954, Krysan and Smith 1987). Given that 
there is no evidence of a genetic bottleneck in North American populations, as inferred 
from rDNA internal transcribed spacer 1, mitochondrial DNA, and microsatellite markers 
(Szalanski et al. 1999, Kim and Sappington 2005b), several factors may contribute to re-
duced genetic diversity, including insecticide selection as revealed by the current study. 
Although resistance to cyclodiene insecticides in western corn rootworm has persisted 
among populations throughout the Corn Belt (Metcalf 1986), considerable variation in re-
sistance levels among field populations has been observed (Parimi et al. 2003; B.D.S., un-
published data). Moreover, cyclodiene resistance may be declining in frequency, intensity, 
or both in certain areas. From 1952 to 1961, aldrin at the rate of 2.24 kg (AI)/ha (equivalent 
to 0.5 ppm in top soil of 16.7 cm in depth per application) was recommended and used as 
a soil insecticide to control rootworms in Nebraska (Ball 1983). Considerable residues of 
aldrin and its epoxide, dieldrin, were consistently detected in Nebraska soil for several 
years after soil treatments were discontinued. However, the half-life of <2.5 yr for aldrin 
and ≈5 yr for dieldrin in temperate soil (Edwards 1966, IPCS 1989) suggests a significant 
loss of residues over time, resulting in reduced selective pressures. Ball (1983) reported 
that the maximum residues of aldrin and dieldrin had decreased to 0.02 and 0.31 ppm, 
respectively, in Nebraska soil samples by 1973. More recent analyses from Nebraska soils 
in 2008 and 2009 suggest soil residues are <0.002 ppm for aldrin and 0.006 ppm for dieldrin 
(B.D.S., unpublished data). Although cyclodiene soil residues may have caused selection 
even after their use was discontinued, it seems unlikely that the high-level resistance ob-
served among rootworms can be explained solely on the basis of exposure to soil residues. 
Relative to the concentrations (>0.5 ppm) that initially selected for resistance in rootworms 
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(Ball 1983), it is likely that the selection posed by the current soil residues should have been 
much reduced. 
For methyl-parathion resistance, the distribution of resistant populations is generally 
correlated with areas where aerial application to suppress adult populations had been in-
tensively practiced for >10 yr (Zhou et al. 2002). Although both the intensity and geo-
graphic range of resistance in rootworms has changed over time, probably due to 
movement of resistant beetles into areas where adult management had not been practiced 
(Parimi et al. 2003), populations susceptible to methyl-parathion still exist in proximity to 
resistant populations (Meinke et al. 1998, Miller et al. 2009). 
Although the relative roles of initial selection for resistance and the subsequent changes 
in selection associated with alternative management approaches, our results support the 
general conclusion that insecticide selection has the potential to shape the genetic structure 
of rootworm populations. Moreover, these results suggest strongly that such fitness disad-
vantages associated with resistance to cyclodiene and methyl-parathion are relatively mi-
nor. Evidence for selection against resistant phenotypes is inferred from changes in the 
frequency of resistance in natural populations after changing patterns of insecticide use 
(Metcalf 1990). For both cyclodiene and methyl-parathion resistance, such changes seem 
to be exceedingly slow but may be contributing to the genetic structure observed in this 
study. Alternatively, the genetic structuring observed in Nebraska may be a remnant of 
genetic bottlenecks experienced during selection for resistance and a low rate of immigra-
tion from susceptible populations. 
Cytoplasmic incompatibility caused by Wolbachia infection has been suggested to be pri-
mary factors both in speciation between the infected western corn rootworm and unin-
fected Mexican corn rootworms (Szalanski et al. 1999) and in separation of northern corn 
rootworm populations infested by two different strains (Roehrdanz and Levine 2007). The 
absence of Wolbachia infection in the Arizona population is consistent with results from a 
previous study (Giordano et al. 1997). The identical sequences of fragments of ftsZ and wsp 
genes suggest that the same strain of Wolbachia infects all the populations from Nebraska 
sampled in this study. Given the infection of all beetles sampled, the reproductive incom-
patibility caused by Wolbachia (Giordano et al. 1997) should neither disrupt random mating 
within the populations nor be a breeding barrier among the Nebraskan populations. There-
fore, Wolbachia infection can be ruled out as a factor influencing the levels of insecticide 
resistance between beetle populations and causing the genetic differentiation between the 
resistant and susceptible populations of western corn rootworm. These results also support 
the conclusions of Ciosi et al. (2008) who reported that Arizona rootworm populations are 
genetically distinct from other Corn Belt populations. The absence of Wolbachia infection 
from the Arizona population and complete infection of Nebraska populations may be just 
as important as the large geographic distance that separates them. Giordano et al. (1997) 
proposed that Wolbachia infection for D. virgifera spp. probably originated in northwest 
Mexico or in New Mexico or western Texas. It is unclear how the Arizona populations 
became free of Wolbachia infection and a more thorough examination of populations from 
the southwestern United States is needed to gain a better understanding of genetic struc-
ture and Wolbachia infection. 
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Our results support that genetic differentiation exists between western corn rootworm 
populations that are resistant and susceptible to both aldrin and methyl-parathion in Ne-
braska and between the rootworm populations from Nebraska and Arizona. Within Ne-
braska, such genetic differentiation between the resistant and susceptible populations may 
be the result of insecticide selection because other factors such as isolation by distance, 
geographic barriers to gene flow, and reproductive incompatibility due to Wolbachia infec-
tion do not exist for the studied populations. Between Nebraska and Arizona, isolation by 
distance seems to contribute the most to the genetic structuring of the beetle populations 
and may be enhanced by the Wolbachia-induced incompatibility. Such information may 
provide insight into the evolution of insecticide resistance in western corn rootworm. 
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